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all	of	Earth’s	geological	 reservoirs,	 including	the	crust,	 the	mantle,	and	the	core.	As	
such,	nitrogen	geochemistry	is	fundamental	to	the	evolution	of	planet	Earth	and	the	











nate	 between	 these	 scenarios	 with	 the	 currently	 available	 models	 and	 datasets.	
However,	we	are	optimistic	 that	 this	problem	can	be	solved,	 following	a	sustained,	
open-	minded,	 and	 multidisciplinary	 effort	 between	 surface	 and	 deep	 Earth	
communities.
1  | INTRODUCTION
Understanding	 the	nitrogen	 cycle	 is	 part	 of	 a	dynamic	 geobiological	
puzzle,	 for	which	 the	ultimate	goal	 is	 illuminating	 the	mechanics	 re-
sponsible	 for	 the	development	of	habitability	on	Earth	and	on	other	
planets,	in	our	solar	system	and	beyond.	For	example,	nitrogen	is	a	key	
element	 in	 the	 structure	of	 amino	acids,	proteins,	 nucleic	 acids,	 and	
other	molecules	vital	 to	 life	 and	 is	 also	 the	dominant	 component	of	
Earth’s	 atmosphere.	 In	 addition,	 the	 oxidation	 of	 ammonic	 nitrogen	
(NH4






equilibrium	 due	 to	 atmospheric	 photochemistry,	 life’s	 collective	 me-
tabolisms,	chemical	weathering,	and	the	large-	scale	geochemical	fluxes	
imposed	 by	 plate	 tectonics	 and	 related	 volcanism	 (Bebout,	 Fogel,	 &	
Cartigny,	 2013).	 However,	 atmospheric	 chemistry	 is	 not	 a	 constant	
though	time	 (Barry	&	Hilton,	2016;	Mikhail	&	Sverjensky,	2014).	The	
most	 dramatic	 geochemical	 transition	 since	 the	 formation	 of	 the	 at-
mosphere	was	biological	rather	than	geological	in	nature.	Sometime	in	














plate	 tectonics,	means	 that	Earth	 injects	oxidizing	material	 into	a	 rel-
atively	 reduced	mantle	 (Frost	&	Mccammon,	2008;	Kelley	&	Cottrell,	
2009).	This	phenomenon	is	seemingly	unique	because	such	biological	
and	 tectonic	 processes	 are	 only	 known	 to	 occur	 on	 Earth.	Here,	we	
compare	and	contrast	current	ideas	for	how	this	unique	interaction	of	


















Ammonium	 oxidation	 (“nitrification”)	 generally	 requires	 molecular	
































lithosphere	 constitutes	 the	 primary	 flux	 of	 surficial	N	 into	 the	 deep	
Earth.
2.2 | Deep earth nitrogen cycle
Once	subducted	 into	the	deep	Earth,	nitrogen	has	historically	been	






1995,	 2012;	 Mikhail,	 Dobosi,	 Verchovsky,	 Kurat,	 &	 Jones,	 2013).	
However,	empirical	data	show	a	diverse	variety	of	nitrogen	species	
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diamond	(NC3),	metallic	nitride	(Fe3N,	TiN,	BN),	and	nitro-	carbide	(for	
comprehensive	 reviews	 of	 nitrogen	 in	 the	 deep	Earth,	 see	Bebout,	
Lazzeri,	&	Geiger,	2016;	and	Johnson	&	Goldblatt,	2015).	All	of	the	
aforementioned	species	of	nitrogen	behave	differently,	where	 their	
behavior	 can	be	described	as	compatible	or	 incompatible	 to	a	host	
mineral	 phase,	 depending	 on	 charge	 and	 radius	 of	 the	 ion	 and	 the	





ite	 buffer	 (QFM)	 (Li	 &	 Keppler,	 2014;	Mikhail	 &	 Sverjensky,	 2014)	
(Figure	2).	This	is	a	significant	insight,	because	for	nitrogen,	compat-





2009)	 and	 can	 dissolve	 as	 a	 trace	 component	 in	 potassium-	absent	




stored	 in	 mineral	 phases	 in	 the	 deep	 Earth	 (Mikhail	 &	 Sverjensky,	
2014).	We	explore	this	concept,	and	its	potential	response	to	changes	
in	global	redox,	in	the	discussion	below.
Because	 Earth	 is	 a	 dynamic	 planet	 with	 active	 plate	 tectonics,	
what	goes	into	the	mantle	sometimes	comes	back	out,	and	vice	versa.	
Therefore,	 the	 exchange	of	 nitrogen	between	 the	 surface	 and	 inte-
rior	is	governed	by	subduction	(in-	gassing)	and	volcanism	(outgassing),	
and	this	interplay	ultimately	controls	atmospheric	N2	levels	(Cartigny	
&	Ader,	 2003;	Dauphas	&	Marty,	 2004;	Kerrich	&	Jia,	 2004;	Marty	







3.1 | Evolution of the biogeochemical N cycle
The	emergence	and	evolution	of	biogeochemical	nitrogen	cycling	over	





oxygenic	 photosynthesis	 evolved	 sometime	 in	 the	Archean,	 primary	
productivity	would	have	been	most	abundant	 in	 the	 surface	waters.	
Dry	 deposition	 or	 fixation	 by	 lightning	 could	 have	 provided	 an	 abi-







zyme	 support	 its	 early	 emergence	 (Boyd,	Hamilton,	&	Peters,	 2011;	










dependent,	 the	 biogeochemical	 nitrogen	 cycle	 would	 have	 changed	
significantly	with	the	progressive	oxygenation	of	Earth	surface	environ-
ments	 (e.g.,	Stüeken	et	al.,	2016).	Notably,	 in	Earth’s	Archean	oceans	














the	 redox-	stratified	 oceans	 that	 developed	 during	 this	 time	 period	
(e.g.,	Poulton,	Fralick,	&	Canfield,	2010;	Scott	et	al.,	2011;	Zerkle	et	al.,	








by	 temporal	 trends	 in	 sedimentary	 N	 isotope	 records,	 which	 show	
a	 shift	 toward	more	 positive	 δ15N	values	 similar	 to	modern	marine	
values	 by	 ~2.3	Ga	 (Beaumont	 &	 Robert,	 1999;	 Zerkle	 et	al.,	 2017).	
Studies	of	much	older	sediments	(2.5–2.7	Ga)	have	interpreted	tran-
sitory	 increases	 in	δ15N	as	recording	a	 temporary	 insurgence	of	oxi-
dative	N	cycling,	potentially	related	to	localized	transient	increases	in	
marine O2	 (Garvin,	Buick,	Anbar,	Arnold,	&	Kaufman,	2009;	Godfrey	
&	Falkowski,	 2009;	Thomazo,	Ader,	&	Philippot,	 2011).	These	 stud-
ies	 suggest	 that	 the	aerobic	N	pathways	could	have	evolved	 imme-
diately	 following	oxygenic	photosynthesis,	 to	 take	advantage	of	 the	
newly	available	free	oxygen	in	highly	productive	coastal	environments.	
However,	 the	 isotope	effect	 associated	with	 these	N	 loss	pathways	
would	only	have	been	expressed	once	nitrite/nitrate	was	available	at	








gence	 of	 the	 aerobic	N	 cycle	 could	 have	 had	 a	 dramatic	 effect	 on	
the	abundance	of	fixed	nitrogen	in	the	world’s	oceans.	Massive	losses	
of	 fixed	 nitrogen	via	 denitrification	 and	 anammox	 are	 predicted	 to	
have	occurred	during	periods	of	deepwater	anoxia	(Canfield,	Rosing,	
&	 Bjerrum,	 2006;	 Fennel,	 Follows,	 &	 Falkowski,	 2005),	 potentially	
limiting	the	availability	of	fixed	inorganic	nitrogen	for	primary	produc-




environments.	 Nitrogen	 isotope	 records	 from	 the	Mesoproterozoic	

















Consumption	 of	 upwelling	 ammonium	 by	 anoxygenic	 phototro-
phs	 could	 have	 further	 contributed	 to	 the	 fixed	 nitrogen	 deficit	 in	
surface	waters,	such	that	N2-	fixing	organisms	in	the	photic	zone	had	
a	competitive	advantage.	Many	 researchers	have	suggested	 that	N2 
fixation	would	also	have	been	limited	in	the	Proterozoic	oceans,	due	
to	drawdown	of	bioactive	trace	metals	required	for	nitrogenase	(par-
ticularly	 Mo)	 under	 widespread	 sulfidic	 conditions	 (Anbar	 &	 Knoll,	
2002).	 Metal	 limitation	 experiments	 with	 modern	 N2-	fixing	 cyano-
bacteria	suggest	that	vanishingly	little	Mo	is	actually	required	to	sup-









As	 the	 delivery	 of	 nitrogen	 to	 the	 sediments	 is	 intimately	
linked	 to	 the	 biosphere	 and	 dependent	 on	 redox	 and	 other	 en-
vironmental	 parameters,	 the	 burial	 of	 nitrogen	 over	 geologic	
time	 (and	 thus	 its	 flux	 into	 the	mantle)	would	 have	 changed	 in	
response	to	these	changes	in	the	biogeochemical	nitrogen	cycle.	
Using	 conservative	 estimates	 for	 the	 timing	 of	 major	 biological	




itself	 plays	 an	 important	 role	 in	 regulating	 Earth	 surface	 redox	
conditions	 (e.g.,	 Krissansen-Totton,	 Buick,	 &	 Catling,	 2015).	 For	
this	calculation,	we	used	 the	productivity	estimates	of	Canfield,	
Glazer	and	Falkowsk	 (2010)	 for	primary	production	based	on	an	
evolutionary	 progression	 of	 anoxygenic	 photoautotrophy,	 oxy-
genic	photoautotrophy,	and	eukaryotic	photoautotrophy.	We	uti-
lized	 a	 constant	 burial	 rate	of	10%	 total	 biomass	 (similar	 to	 the	
modern;	Gruber,	2008)	with	a	constant	Redfield	ratio	of	6:1	(C:N).	
We	used	denitrification	 levels	estimated	from	modern	marine	N	
balances	 (e.g.,	 Canfield	 et	 al.,	 2010;	Gruber,	 2008).	The	 biggest	
unknown	in	this	calculation	is	when	coupled	nitrification/denitri-
fication	 proliferated	 and	 how	 rates	 of	 denitrification	 responded	
to	changes	in	ocean	chemistry	throughout	the	Proterozoic	(as	dis-
cussed	above).	For	 this	calculation,	we	assumed	25%	of	modern	
denitrification	 levels	early	 in	 the	GOE,	and	an	 increase	to	130%	
associated	 with	 the	 subsequent	 buildup	 of	 a	 nitrate	 reservoir	
in	 a	 largely	 anoxic	 ocean,	with	 large	 error	 bars	 to	 highlight	 this	







for	 changes	 in	 nitrogen	 burial	 over	 time	 predicts	 a	 progressive	
increase	 in	 the	 delivery	 of	 nitrogen	 to	 the	 deep	 Earth	 via	 sub-
duction	(with	the	exception	of	the	possible	mid-	Proterozoic	mini-
mum)	following	an	ever-	increasingly	efficient	biosphere.
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3.2 | The missing nitrogen conundrum
Our	understanding	of	the	evolution	of	the	deep	Earth	nitrogen	cycle	
and	 the	 relevant	 nitrogen	 reservoirs	 is	 even	 less	well	 constrained.	
One	puzzle	often	cited	is	the	“missing	nitrogen	conundrum,”	which	
follows	because	the	abundance	of	nitrogen	in	the	bulk	silicate	Earth	
(BSE)	 appears	 to	 be	 significantly	 lower	 than	 that	 of	 other	 volatile	
elements	 (Figure	4).	 The	most	 striking	 feature	of	 these	data	 is	 the	
depletions	shown	for	Xe	and	N,	which	could	mean	 that	 these	 two	
elements	 with	 contrasting	 behaviors	 and	 masses	 were	 both	 lost	
early	 in	 Earth’s	 history	 (Bergin	 et	al.,	 2015)	without	 also	 depleting	
Ne,	Ar,	 and	Kr—elements	 that	are	 far	more	akin	 to	Xe	 in	 terms	of	
geochemical	behavior,	and	in	the	case	of	Kr,	mass.	Another	explana-
tion	is	that	there	exists	a	hidden	nitrogen	reservoir	in	the	deep	Earth,	




2016);	 therefore,	 a	 mantle	 reservoir	 is	 more	 in	 line	 with	 what	 is	









dance	of	nitrogen	 in	 the	BSE	with	 the	surficial	 reservoir;	however,	
these	 values	 were	 calculated	 using	 N2/Ar	 ratios,	 which	 is	 now	
known	 to	be	 inaccurate	 for	 the	majority	of	 the	mantle.	 In	particu-




2014;	 Watenphul	 et	al.,	 2010).	 Recent	 experimental	 data	 for	 the	
partitioning	of	nitrogen	in	ferromagnesian	minerals	show	the	upper	
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than	 the	 present-	day	 atmosphere	 (Li	 et	al.,	 2013),	 and	preliminary	
data	 suggest	 the	 transition	zone	could	 store	even	more	 (Yoshioka,	




These	 datasets	 and	 thermodynamic	 models	 strongly	 imply	 the	
existence	of	a	deep	mantle-	based	nitrogen	 reservoir.	Thus,	 contrary	
to	 previous	 assumptions,	 it	 is	 now	 clear	 that	 the	 mantle,	 and	 not	
the	 atmosphere,	 could	 form	 the	 largest	 nitrogen	 reservoir	 on	 Earth	
(Goldblatt	et	al.,	2009;	Mikhail	&	Howell,	2016;	Palya,	Buick,	&	Bebout,	
2011).	Various	authors	have	attempted	to	provide	calculated/assumed	
reservoir	mass	 fractions	 for	 nitrogen	 in	 the	 core,	 silicate	 Earth,	 and	





3.3 | Variations in atmospheric pN2 over 
geologic time
Direct	data	for	the	partial	pressure	of	atmospheric	N2	over	time	are	






exceed	1.1	bar	 and	could	be	as	 low	as	0.5	bar.	More	 recently,	 Som	
et	al.	(2016)	used	the	size	distribution	of	gas	bubbles	in	basaltic	lavas	
assumed	to	have	solidified	at	sea	 level	to	conclude	the	atmospheric	
















on	 fluid	 inclusions	 preserved	 in	 hydrothermal	 quartz,	 but	 the	 ap-
proach	of	Nishizawa	et	al.	(2007)	provides	no	lower	limit.	Therefore,	





et	al.,	 2011).	These	 studies	 argue	 for	 plate	 tectonics	 in	 the	 present	
having	 a	 net	 in-	gassing	 flux	 of	 nitrogen	 to	 the	mantle,	 despite	 the	
mantle	wedge	being	 too	oxidizing	 to	 stabilize	ammonium	 (Figure	2).	
This	 requires	 that	 the	 subducted	 nitrogen	 does	 not	 enter	 the	melt	
or	fluid	phase	and	 is	 instead	retained	 in	the	potassium-	bearing	min-
erals	 in	 the	downgoing	 slab.	The	pathways	 for	 this	 are	 theoretically	
well	 established,	whereby	NH4








this	 stage.	Nonetheless,	 it	 is	plausible	 that	 the	aforementioned	pro-
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3.4 | The current state of confusion (aka, 
Schrodinger’s nitrogen cycle)




cycle,	 and	 (ii)	 the	 validity	 of	 the	 proposed	missing	 nitrogen	 conun-
drum.	We	suggest	that	there	are	three	plausible	scenarios	to	recon-
cile	these	 issues	within	the	geobiological	nitrogen	cycle	over	Earth’s	
4.6-	billion-	year	 history,	 notably	 that	 atmospheric	 pN2	 has	 changed	
unidirectionally	 (either	 increased	 or	 decreased)	 over	 geological	 time	
(Figure	5,	conceptual	model	1),	or	the	direction	of	the	nitrogen	abun-




model	 3),	 but	 there	 is	 currently	 no	 theoretical	 support	 or	 potential	







3.4.1 | Scenario #1: Atmospheric pN2 has decreased 
over geologic time
If	atmospheric	pN2	was	relatively	higher	in	the	Archean,	this	could	have	




phylogenetic	 reconstructions	 and	 molecular	 clock	 data	 (Boyd,	 Anbar,	








Notably,	 the	 scarcity	 of	 data	 available	 for	 how	 these	 processes,	




over	 geologic	 timescales	 this	 geobiological	 nitrogen	 pump	 could	 be	
progressively	depleting	Earth’s	atmosphere,	with	currently	unexplored	
consequences	 for	 the	 climate	 and	 biogeochemical	 evolution	 of	 a	 
future	Earth	system.









these	 redox	 conditions	 >QFM,	 thermodynamic	 calculations	 predict	
oxidation	of	NH4	to	N2	(Figure	2).	Because	this	N2	is	neutrally	charged	
and	highly	volatile,	 it	 is	 therefore	degassed	to	the	atmosphere.	This	
model	predicts	Earth’s	arc	systems	should	degas	more	nitrogen	than	
mid-	ocean	 ridge	 and	 hot	 spot	 volcanism,	 consistent	 with	 observa-








it	 must	 have	 started	with	 N2/
36Ar	 and	 N2/
20Ne	 ratios	 similar	 to	
Mars	and	Venus.	Mikhail	and	Sverjensky	(2014)	applied	an	empir-
ical	 nitrogen	 flux	 from	 the	 Central	American	 volcanic	 arc	 system	
(from	Fischer	et	al.,	2002)	and	amplified	it	to	represent	the	global	
flux	(factor	of	20	or	10,	respectively).	Following	this	methodology,	
the	 degree	 of	 Earth’s	 atmospheric	 N2/
36Ar	 and	 N2/
20Ne enrich-
ment	 relative	 to	 the	atmospheres	around	Mars	and	Venus	can	be	
reproduced	over	a	time	period	of	only	1–2	Ga	following	the	onset	
of	 subduction	 (Mikhail	 &	 Sverjensky,	 2014).	However,	we	 should	
specify	 that	 this	 time	 frame	more	 likely	 reflects	 the	 time	 period	





trogen	 in	 sediments	 (Figure	3).	A	 positive	 coupling	 implies	 that	 the	
biosphere	could	have	directly	responded to	changes	in	pN2	caused	by	
progressive	degassing	of	the	mantle.	As	the	atmospheric	N2	reservoir	
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3.4.3 | Scenario #3: Atmospheric pN2 underwent a 
major turning point during the GOE
Either	 in	 line	with	 or	 independent	 of	 Scenario	 #2	 above,	 the	Great	
Oxidation	Event	 could	have	driven	 a	 relative	 increase	 in	pN2 by al-





potential	 of	 the	material	 subducted	 (oceanic	 sediments	 and	 altered	
oceanic	crust)	must	have	differed.	In	particular,	post-	GOE	the	oxida-
tion	state	of	the	mantle	overlying	the	slabs	would	become	too	oxidiz-
ing	 to	 stabilize	 ammonic	nitrogen,	 and	molecular	nitrogen	would	be	
favored	(Figure	2).	As	inert	N2	molecules	are	highly	volatile	and	highly	












A	 second,	 as	 yet	 unexplored,	 link	 between	 the	GOE	 and	 atmo-












In	 summary,	 subduction	 zones	 inject	 biologically	 mediated	 mate-
rial	 into	 the	mantle,	which	 is	 affected	 by	 Earth	 surface	 redox.	 This	




biological	 nitrogen	 cycles	 are	 intimately	 linked,	 albeit	with	 long	 lag	
times	possibly	verging	on	hundreds	to	thousands	of	millions	of	years.




these	 issues.	This	 requirement	 goes	 beyond	 the	 typical	marriage	 of	
low-	temperature	 geochemistry,	 microbiology,	 and	 sedimentology,	
toward	a	deeper	connection	between	biogeochemistry,	mantle	petrol-
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